We report on a new type of Fano effect, named as Andreev-Fano effect, in a hybrid normal-metal / superconductor (N/S) interferometer embedded with a quantum dot. Compared with the conventional Fano effect, AndreevFano effect has some new features related to the characteristics of Andreev reflection. In the linear response regime, the line shape is the square of the conventional Fano shape; while in the nonlinear transport, a sharp resonant structure is superposed on an expanded interference pattern, qualitatively different from the conventional Fano effect. The phase dependence of the hybrid N/S interferometer is also distinguished from those of all-N or all-S interferometers.
When a resonant channel interferes with a nonresonant channel, the line shape of the resonance will change into an asymmetric one, sometimes even become to an antiresonance. This phenomenon is known as Fano effect [1] , which has been recognized in a large variety of systems, such as atomic photoionization, electron and neutron scattering, Raman scattering, and photoabsorption in quantum well structures, etc. Recently, the effect is observed in the electron transport through mesoscopic systems. Several groups reported Fano resonance in spectroscopic measurements of a single magnetic adatom absorbed on the surface of normal metal, using scanning tunneling microscope [2, 3, 4, 5] . The results can be well understood by generalizing the noninteracting resonant channel in the original Fano problem to the many-body Kondo resonance [6, 7, 8] . Meanwhile, Fano resonance is also reported in the conductance through a single electron transistor fabricated in semiconductor [9] , which has the advantage that the key parameters are experimentally controllable.
Another active field in recent years is the so called "mesoscopic superconductivity", which has been greatly advanced with the progress of nanofabrication technology [10] . Adding superconducting materials to the conventional mesoscopic systems changes the coherent transport through the hybrid system significantly. At the interface of normal-metal (N) and superconductor (S), a two-particle process called Andreev reflection (AR) plays an essential role in the subgap conductance, in which an electron is reflected as a hole in the N side, and a Cooper pair is created in the S side [11] . Many new effects involving AR are investigated both experimentally and theoretically (for a recent review see [12] ).
What will occur if one of the electrodes in the mesoscopic Fano system is replaced by a superconductor? Let us consider a N/S hybrid interferometer, one arm contains a point contact with tunable conductance, the other arm is embedded with a quantum dot (QD) with resonant levels. The proposed structure is schematically shown in Fig.1 , and hereafter is referred to as N-(I,QD)-S. The conductance through the path N-I-S provides a nonresonant channel, and the transport properties have been studied in [13, 14] . While the conductance through the path N-QD-S provides a resonant channel, and the transport properties have been studied in [15, 16] . The interplay of the two channels in N-(I,QD)-S are double folded: interference between resonant AR and nonresonant AR, and opening up a new conducting channel, named as cross AR. Due to the interference among these AR processes, we find a new type of Fano effect, named as Andreev-Fano effect, which has distinct features compared with the conventional Fano effect. In the linear response regime, the line shape is the square of the conventional Fano shape; while in the nonlinear transport, a sharp resonant structure is superposed on an expanded interference pattern. The phase dependence of the hybrid N/S interferometer is also distinguished from those of all-N or all-S interferometers.
The N-(I,QD)-S structure is modelled by the Hamiltonian
where
To proceed, we introduce the following Green function matrix
in which
One can write down the Dyson equation of the system as G = g + gΣG, with g being the decoupled Green function in the limit of H T → 0, and Σ being the self-energy arise from the coherent tunneling. The corresponding Dyson equation for G r and Keldysh equation
in which Σ = Σ a = Σ r is the matrix of tunneling elements.
The current flowing out of the electrode β can be expressed in term of these Green functions,
are matrices with element +1 for electron and −1 for hole. For the non-spin-polarized case considered in this paper, the total current through the interferometer is I = I L↑ +I L↓ = 2I L↑ .
The current can be separated into two parts: the AR current I A and the conventional tunneling current I B ,
It can be shown that T B (ω) contains a factor |ω| √ ω 2 −∆ 2 θ(|ω| − ∆), and therefore is negligible when |eV | < ∆. T A (ω) is derived as
Since we are concerning the subgap conductance where AR dominates, we take the limit ∆ → ∞ in the evaluation of T A (ω). After some algebra, T A (ω) can be explicitly obtained as 
(1+x 2 ) 2 reproduces the transmission probability of N-I-S.
At zero temperature and in the subgap regime, the total current is reduced to I = 2ē h eV −eV dω 2π
T A (ω). The integral can be evaluated analytically in two limits: linear response regime where eV → 0 and strong nonlinear regime where eV → ∞ [17] . For eV → 0, the conductance at zero bias is
in which T b ≡ 4x 2 (1+x 2 ) 2 is the transmission probability through the arm of N-I-S. For eV → ∞, the net current in high voltage limit is
in which the background current through the arm of N-I-S has been subtracted from the total current for convergence.
Equation (12), (13), and (14) are the central results of this paper, which describe the Andreev-Fano effect in the N-(I,QD)-S structure. Below we shall discuss in detail the physical meaning of these results by numerical calculation. At finite voltages, the conventional Fano effect and the Andreev-Fano effect are qualitatively different, which is apparent by comparing (a3) with (b2) in Fig.2 . In conventional Fano effect, the resonant structure at zero bias voltage is pulled to a flat ridge or valley by finite voltages, while in Andreev-Fano effect, the resonant structure near E 0 = µ R remains sharp even in the high voltage limit, and the resonance reverses its sign from positive to negative then return to positive with the increase of background conductance. In addition, the sharp resonant structure is superposed on an expanded interference pattern in the range of eV < |E 0 − µ R |. These differences stem from the different conducting mechanisms. In 
, in which
is the effective Fano parameter of the resonant peak. Obviously, q → −∞ if T b → 0 , q → +∞ if T b → 1, and q = 0 at some intermediate T b , which are corresponding to the sign reverse of the resonant peak.
Next, we investigate the phase dependence of the hybrid N/S interferometer. Notice that the current has the following features: I(φ + 2π) = I(φ) due to the general property of AB rings, I(π − φ, −E 0 ) = I(φ, E 0 ) due to particle and hole symmetry, and I(−φ) = I(φ)
analogous to the phase locking effect in conventional two-terminal structures [18] but here the conducting mechanism is AR. The left panel of Fig.3 shows the curves of G vs E 0 at zero bias voltage and I vs E 0 at finite voltages, with T b fixed at 0.5 and φ chosen as 0, with the phase dependence of Kondo-Fano effect studied in [8] . The coexistence of cos φ and cos 2φ harmonics in the hybrid N/S interferometer is can be understood as follows. Taking account of various AR processes and considering only the direct trajectory, the transmission probability through the interferometer is t 1↑ t 1↓ + t 2↑ e iφ t 2↓ e iφ + t 1↑ t 2↓ e iφ + t 1↑ t 2↓ e is just of this form, while the additional cos φ and cos 2 φ terms in the denominator can be attributed to the trajectory with higher winding number.
To sum up, we have reported the Andreev-Fano effect in a hybrid N/S interferometer, and found some new features compared with the conventional Fano effect. Both the interference pattern and the phase dependence of the hybrid N/S interferometer are different to the conventional all-N or all-S interferometer, which originates from different conducting mechanism. We believe that the proposed structure can be achieved with the available (dot), 1 2 (dash), 3 4 (dot), 1 (solid), with the symmetric coupling strengths L = R. 
